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Edited by Felix WielandAbstract At yeast vacuoles, phosphorylation of the HOPS sub-
unit Vps41 depends on the Yck3 kinase. In a screen for mutants
that mimic the yck3D phenotype, in which Vps41 accumulates in
vacuolar dots, we observed that mutants in the V0-part of the V0/
V1-ATPase, in particular in vma16D, also accumulate Vps41.
This accumulation is not due to a phosphorylation defect, but
to reduced release of Vps41 from vma16D vacuoles. One reason
could be a connection to vacuole ﬁssion, which is blocked in
V-ATPase mutants. Vacuole fusion is not impaired between vac-
uoles lacking the V0-subunits Vma16 or Vma6 and wild-type
vacuoles, whereas fusion between mutant vacuoles is reduced.
Our data suggest a connection between vacuole biogenesis and
membrane fusion.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Organelle biogenesis in eukaryotic cells is controlled by reg-
ulated fusion and ﬁssion events. Fusion depends on Rab-GTP-
ases, tethers and SNAREs, while ﬁssion relies, among other
factors, on coat proteins [1,2]. The molecular mechanisms of
these reactions have been addressed with model systems like
the yeast vacuole. Fusion of yeast vacuoles occurs in a regu-
lated cascade and can be monitored in vivo and in vitro [3].
It requires the consecutive function of the Rab GTPase Ypt7
and the hexameric HOPS complex to mediate tethering, fol-
lowed by SNARE-dependent fusion. A number of additional
factors have been implicated in the fusion reaction, including
the membrane-embedded V0 part of the vacuolar V0/V1-ATP-
ase and the fusion factor Vac8 [4,5].
Vacuole fusion has to be controlled during the cell cycle,
where vacuolar fragments are transported to the daughter cell,
and in response to osmotic stress, which leads to vacuole frag-
mentation [6,7]. A common mechanism of regulation is phos-
phorylation, and one kinase, the casein kinase Yck3, has
been linked to vacuole fusion [8]. Yck3 is a palmitoylated pro-Corresponding author. Fax: +49 541 969 2884.
-mail address: Christian.Ungermann@biologie.uni-osnabrueck.de
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doi:10.1016/j.febslet.2008.03.055ieties. Putein that is sorted to vacuoles via the AP-3 pathway [9]. This
pathway transports vesicular cargo directly from the Golgi
to the vacuole, thus bypassing the endosome [10].
We identiﬁed Yck3 as a kinase involved in the modiﬁcation
of Vps41 [8]. Vps41 is a vacuole-speciﬁc subunit of the six-
membered HOPS complex, which is involved in vacuole fusion
and biogenesis [11,12]. Vps41 is not only required as a HOPS
subunit, but has also been discussed as part of the coat of AP-3
vesicles [13,14]. Several lines of evidence connect Yck3 and
Vps41 in vacuole biogenesis. In mutants lacking Yck3,
Vps41 is not phosphorylated and strongly accumulates in
dot-like structures on and between vacuoles in vivo [8]. If chal-
lenged by osmotic stress, yck3D vacuoles fragment like wild-
type vacuoles, but do not maintain this phenotype. This sug-
gests that Yck3 suppresses fusion in wild-type cells under these
conditions. Overexpression of Yck3 causes a reduction in fu-
sion, while deletion of YCK3 results in slightly increased fu-
sion. Interestingly, yck3D vacuoles do not eﬃciently release
Vps41 from their surface, and fusion is strongly resistant to
the Ypt7 inhibitor Gdi1. As Ypt7 is binding to HOPS [12],
and thus also to Vps41, it is likely that phosphorylation of
Vps41 is responsible for the mobility of the HOPS complex
in vivo and in vitro. Yck3 therefore seems to be as a negative
regulator of fusion [8].
Yck3 itself is phosphorylated [8] (K.T., M.C., unpublished
observations), which may be due to its activation in the cell.
Such an activation would be expected during osmotic stress,
when Vps41 is phosphorylated [8]. If activation of Yck3 is a pre-
requisite of its function, then mutants that accumulate Vps41
proximal to the vacuole might be involved in the Yck3 regula-
tion network. Here we report that this phenotype is observed
for mutants in the V0-ATPase. In analyzing these mutants for
yck3D-like phenotypes we observe that Vps41 release, but not
its phosphorylation is impaired. Additional analysis of mutants
in the V0-ATPase revealed a defect in vacuole ﬁssion. We ﬁnally
analyzed in vitro fusion and observed that there is not symmetric
requirement of the V0-ATPase for fusion.2. Materials and methods
2.1. Yeast strains and molecular biology
BY4741 deletion yeast strains were purchased from EUROSCARF.
For Vps41 localization screening, pRS415.NOP1pr-GFP-Vps41 [8]
was introduced into BY4741 wt, yck3D, and each BY4741 deletion
mutant and cells were maintained in SDC-Leu synthetic medium.blished by Elsevier B.V. All rights reserved.
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previously [8]. VMA16 was deleted by homologous recombination
using PCR fragments. For constructing GFP-YCK3 strains, the
YCK3 ORF was cut with Salt–Not1 from pRS416.NOP1-GFP-
YCK3 [8], and was inserted into the pRS406.NOP1pr-GFP plasmid.
All strains carrying tagged proteins were conﬁrmed by PCR and/or
Western blotting with antibodies against the altered products.
2.2. Antibodies
Polyclonal antibodies against Sec17, Ypt7, Nyv1 and Vam3 have
been previously described [12,15,16,23]. Antibodies against Vma6 were
raised in rabbits against the GST-tagged protein. Antibodies to Pep4
and Vph1 were kindly provided by W. Wickner (Dartmouth Medical
School, NH, USA) and A. Mayer (University of Lausanne, CH).
Mouse monoclonal antibodies against Vma1 and Pho8 were from
Invitrogen Inc. IgGs were prepared as previously described [15].
2.3. Microscopy
Staining of cells with FM4-64 was performed as described [8,27].
Yeast cells were grown to logarithmic phase, incubated with 30 lM
FM4-64 for 30 min, washed with medium, and chased for 1 h. For
GFP microscopy, cells were grown logarithmically in YPD or selective
medium, washed, resuspended in fresh medium, and analyzed by ﬂuo-
rescence microscopy. Images were acquired with a Leica DM5500
microscope and a SPOT Pursuit camera using GFP, FM4-64 or DIC
ﬁlters. Pictures were processed using Adobe Photoshop 7.0. Figures
show representative ﬁelds from multiple experiments.
2.4. Yeast cell lysis
Total protein extraction and subcellular fractionation fromyeastwere
done as described previously [8]. To analyze protein content of yeast
cells, cells were lysed in 0.24 N NaOH, 130 mM b-mercaptoethanol,
1.3 mM PMSF, followed by TCA (13% v/v) precipitation, and acetone
wash; equal amounts were analyzed by Western blot. For subcellular
fractionation, cultures (20 ml) were grown to OD600 = 1–1.5 in YPD.
Until lysis, cells were treated as for the vacuole puriﬁcation, and adjusted
relative to the smaller culture size. Spheroplastswere resuspended in 1 ml
of lysis buﬀer (200 mM sorbitol, 50 mM KOAc, 2 mM EDTA, 20 mM
HEPES-KOHpH 6.8, 1· PIC [17], 1 mMPMSF, 1 mMDTT), and cells
were osmotically lysed inDEAE-dextran/HCl.The total extractwas cen-
trifuged at 300 · g, 3 min, 4 C, and the supernatant was then centri-
fuged for 15 min at 13000 · g. The pellets (P13) were collected and
diluted to 0.3 mg/ml in PS buﬀer (20 mM PIPES/KOH, 200 mM sorbi-
tol) containing 0.1· PIC.
2.5. Vps41 phosphorylation and release assay
P13 membrane fractions or isolated vacuoles were incubated in
150 ll reactions with or without ATP under standard fusion conditions
for 45 min supplemented with salts ([18]; 0.5 mM MgCl2, 0.5 mM
MnCl2, 150 mM KCl). Membranes were reisolated for 10 min at
20000 · g and 4 C, and pellets were resuspended in PS buﬀer. Resus-
pended pellets and supernatants were TCA-precipitated (13% v/v),
washed with acetone and resuspended in SDS sample buﬀer. Vps41
was analyzed by Western blotting.
2.6. Vacuole fusion
Vacuoles were incubated at 26 C in PS buﬀer supplemented with
salts (5 mM MgCl2, 125 mM KCl), CoA (10 lM), with or without
an ATP-regenerating system (0.5 mM ATP, 40 mM creatine phos-
phate, 0.1 mg/ml creatine kinase). Vacuole fusion was measured by a
biochemical complementation assay as described previously [17]. Fu-
sion was determined by measuring the absorbance of at least duplicate
samples at 400 nm. The results are expressed by subtracting the signal
from an incubation lacking ATP. (1 U of fusion activity is deﬁned as
1 lmole p-nitrophenol developed per min and lg pep4 vacuoles.)3. Results
3.1. Identiﬁcation of mutants with accumulated Vps41
A deletion in the kinase yck3 results in a strong in vivo accu-
mulation of GFP-tagged Vps41 proximal to the vacuole, whichis most likely due to a lack of phosphorylation. As Yck3 is it-
self phosphorylated, and might require phosphorylation for its
activity, we expected that the deletion of proteins involved in
Yck3 activation would result in a similar Vps41 localization
proximal to the vacuole. Deletion of yck3 results in an en-
larged vacuole phenotype, which is reminiscent to mutants in
class D proteins involved in endosome-vacuole transport
[8,19]. We therefore screened mutants with a similar phenotype
that were implicated in vacuole biogenesis in previous screens
(Suppl. Table 1) [8,19,20]. To do so, we transformed the strains
with GFP-tagged Vps41 and monitored its in vivo distribution
by ﬂuorescence microscopy. When compared to the yck3Dmu-
tant, only mutants in the V0-subunits Vma16 and Vma2 of the
vacuolar V1/V0-ATPase showed a phenotype of dot-like accu-
mulation of GFP-Vps41. The accumulation was not as striking
as observed in the yck3D mutants, but was clearly detectable
(Fig. 1B, Suppl. Fig. 1). Moreover, addition of the V-ATPase
pump activity inhibitor concanamycin A lead to a clear accu-
mulation of GFP-Vps41, which was not as pronounced as in
vma16D mutant cells (Fig. 1C). Mutants in vph1, the a-subunit
of the V0-part, also showed an increased dot-like accumulation
of Vps41. However, it cannot be excluded that this positive
score for vph1D mutants is in part due to their fragmented vac-
uoles [21]. We conﬁrmed that our V-ATPase mutants showed
the previously described pH-dependent growth phenotype
(Fig. 2A), and focused in further experiments primarily on
the vma16D mutant.
3.2. vma16 mutants permit Vps41 phosphorylation, but show
impaired release from vacuoles
We decided to test the vma16D mutant for phenotypes de-
scribed for yck3D. First, we analyzed the response of the
vma16D mutant to osmotic stress. In wild-type cells, vacuoles
fragment during osmotic stress and maintain this phenotype
for at least 60 min. We previously showed that vacuoles in
yck3 mutants fragment if stressed, but refuse to a large vacuole
by 60 min (Fig. 2B, Suppl. Fig. 2) [8]. In contrast, vacuoles in
vam16D cells remain large and do not fragment under osmotic
stress (Fig. 2B). Similar phenotypes were observed for other V-
ATPase mutants, consistent with recent observations by
Mayer and colleagues [22]. Second, we analyzed if Vps41 is still
phosphorylated in vma16 mutants. Membrane fractions were
isolated from wild-type, vma16D and yck3D cells and incu-
bated with ATP (Fig. 3A). Under these conditions, Vps41
shifts to a form of lower mobility in SDS–PAGE gels, which
represents the phosphorylated protein. Whereas yck3 mutants
were unable to phosphorylate Vps41, vma16 mutants did not
diﬀer from wild-type. Consistent with this, Yck3 was found
on vacuoles in vma16D cells (Fig. 3B). As phosphorylation of
Vps41 is linked to its release from the vacuolar membrane,
we analyzed in a third assay whether Vps41 is still released
from vma16D vacuoles. Whereas Vps41 release was clearly ob-
served from wild-type vacuoles, it was diminished in yck3D [8]
and vma16D cells, despite the fact that Vps41 was phosphory-
lated on vma16D membranes (Fig. 3C and D). The release does
not seem to be linked exclusively to the pump activity of the V-
ATPase as the addition of concanamycin A did not aﬀect this
reaction (not shown). In contrast, the ATP-dependent release
of Sec17 from vacuoles, which occurs as a consequence of
SNARE complex disassembly on vacuoles, was observed from
all membranes with equal eﬃciency (Fig. 3C). The accumula-
tion of Vps41 dots proximal to the vacuole in vma16D cells
Fig. 1. Mutant analysis on GFP-Vps41 localization in vivo. (A) Screen for membrane associated GFP-Vps41. BY wild-type yeast and indicated
mutant cells expressing GFP-tagged Vps41 were grown logarithmically in SDC-Leu medium, and analyzed by ﬂuorescence microscopy. For each
mutant the number of cells, which had a dot-like accumulation of GFP-Vps41, was counted and the relative cell number is represented as the
percentage to the total cells examined. Error bars are standard deviation (S.D.). *Dunnett test, P < 0.05 compared with wt. (B) GFP-Vps41
localization in wt, yck3D and indicated mutants. Size bar = 5 lm. (C) Inhibition of V-ATPase pump activity aﬀects GFP-Vps41 localization in vivo.
BY wild-type cells containing GFP-Vps41 were treated with 1 lM concanamycin A or DMSO, and visualized by ﬂuorescence microscopy after 1, 2
and 3 h. Only the 3-h time point is shown. As a comparison, vma16D cells treated in parallel are displayed. Size bar = 5 lm.
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3.3. Vacuole fusion of V-ATPase mutants
The deletion of yck3 does not inhibit but rather enhances
vacuole fusion [8]. We therefore asked if vma16 mutants are af-
fected in this assay. Vacuole fusion can be monitored in a con-
tent mixing assay using two types of vacuoles. One set ofvacuoles lacks Pho8, whereas the other is devoid of the Pho8
processing protease Pep4 and thus accumulates the inactive
pro-form. Fusion of vacuoles leads to processing of pro-
Pho8 to its active form, which can then by assayed. We gener-
ated pep4 and pho8 mutants in our vma16D background
strains. Vacuoles lacking Vma16 contain wild-type like
amounts of the SNARE Vam3 or the Rab GTPase Ypt7, as
well as Pho8 (in pep4D) and Pep4 (in pho8D) (Fig. 4A). How-
Fig. 2. V-ATPase mutants are defective in vacuole fragmentation. (A)
Growth of wild-type and mutant strains at pH 7.5. Logarithmically
growing BY wild-type yeast strain and the indicated deletion strains
were transferred to YPD plates buﬀered to pH 5.5 or buﬀered to pH
7.5. The undiluted culture is shown at the left along with 10-fold serial
dilutions. (B) Vacuole salt stress response of BY wild-type, vma16D
and yck3D cells. Yeast cells were grown to logarithmically and stained
with FM4-64 as described in experimental procedures. After 10 or
60 min of incubation in YPD + 0.4 M NaCl, cells were immediately
analyzed by ﬂuorescence microscopy.
Fig. 3. Ineﬃcient Vps41 release from vma16D vacuoles. (A) Vps41
mobility shift in vitro. Isolated vacuoles from the indicated strains
were incubated in 150 ll reactions with or without ATP under
standard fusion conditions for 30 min. Membranes were reisolated
and Vps41 was analyzed by Western blotting. (B) Localization of
GFP-Yck3 in BYWT and vma16D cells. Yeast strains expressing GFP-
Yck3 were analyzed by ﬂuorescence microscopy. (C) Release of Vps41
from the vacuole. BY pep4D (wt), BY pep4D vma16D and BY pep4D
yck3D vacuoles were incubated in a Vps41 phosphorylation assay for
30 min. Proteins in pellet and supernatant were detected by Western
blot with antibodies against the indicated proteins. (D) Quantiﬁcation
of experiment in (C). The signal was quantiﬁed by densitometric
scanning. All values were derived by using the Odyssey LiCor system.
The graph shows a percent release of Vps41 protein (errors are given as
S.D., n = 3).
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(a), as well as the V1-subunit Vma1 (A) on vma16D vacuoles,
whereas they were present on yck3D and wild-type vacuoles.Vacuoles isolated from tester strains lacking Yck3 fused eﬃ-
ciently with wild-type vacuoles, with pho8D vacuoles being
more fusion competent than pep4D vacuoles (Fig. 4B). When
both vacuoles were from yck3D cells, fusion was slightly in-
creased when compared to wild-type (Fig. 4B), as previously
reported [8]. Vacuoles isolated from vma16D cells showed eﬃ-
cient fusion if combined with wild-type vacuoles. To our sur-
prise, we could not detect any fusion if Vma16 was absent
Fig. 4. Vacuole fusion analysis of vma6 and vma16mutants. (A) Vacuolar protein content on vma16D vacuoles. Vacuoles used in B were analyzed by
Western blot. (B) vma16D vacuole fusion. The averaged results from BY4741 wild-type (pep4D or pho8D), vma16D (vma16D pep4D or vma16D pho8D)
and yck3D (yck3D pep4D or yck3D pho8D) vacuole fusion assays were compared. wt (pep4D · pho8D) 100%: corresponds to an average of 1.0 ALP
units (OD400 = 0.25–0.3 at a background activity of 0.05; error are S.D., n = 3).
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been observed to this degree in any previous mutant. We there-
fore asked if this is a general phenotype for V-ATPase mu-
tants. Mutants in the d-subunit of the V0-part, Vma6, show
a similar accumulation of GFP-Vps41 in vivo (Suppl.
Fig. 1A). Similar to vma16D vacuoles, vacuoles that lack
Vma6 showed signiﬁcant fusion when combined with wild-type
vacuoles, but poor fusion if Vam6 was lacking from both part-
ners (Suppl. Fig. 3A). Of note, subunits of the V0-part and
Vtc4 can be isolated with vacuolar SNAREs, and antibodies
to Vma6 immunoprecipitates vacuolar SNAREs (Suppl.
Fig. 3B and C). This suggests that the V-ATPase is linked to
the SNARE machinery.
In sum, mutants in the V0-ATPase aﬀect the mobility of
Vps41, but not its phosphorylation, and – in contrast to yck3D
mutants – show a strong vacuole fusion defect if the V-ATPase
is defective on both membranes.4. Discussion
Our data reveal novel aspects of Vps41 dynamics at the yeast
vacuole.We report the identiﬁcationofmutants in theV0-part of
the V1/V0-ATPase that promote a dot-like localization of Vps41
close to the vacuole. This phenotype is reminiscent of Vps41s
localization in the yck3Dmutant.We assume that these dots rep-
resent fusion competent regions as Vps41 is also enriched be-
tween apposed vacuoles in vivo [8]. The localization of Vps41
is explained by its reduced release from vma16D vacuoles
(Fig. 3). However, vma16 mutants show additional deﬁciencies
not observed in yck3D mutants, including a defect in osmotic
stress-induced vacuole fragmentation and vacuole fusion.
Our initial screen was based on the fact that Vps41 becomes
phosphorylated in a Yck3-dependent manner under osmotic
stress conditions. We considered it likely that changes in osmo-
larity are sensed by plasma membrane associated proteins,
which then transmit the signal to Yck3 via a kinase cascade.
Activated Yck3 would then phosphorylate Vps41 and blockfusion. With GFP-Vps41 as a reporter, we have not yet suc-
ceeded in identifying such a signal transduction pathway, nor
do we have any idea on the mechanism of Yck3 activation.
It is well possible that essential kinases or phosphatases, which
we did not analyze in our screen, are linked to Yck3 activation.
How can we explain our observations? Our study shows that
mutations in the V-ATPase aﬀect the release of Vps41. Even
though we focused primarily on the V0-part in our studies,
and the strongest phenotype has been observed for vma16D,
V1-mutants also aﬀect Vps41 localization. It is therefore possi-
ble that the in vivo accumulation of Vps41 and the reduced re-
lease is linked to the proton pump activity of the V-ATPase.
Indeed, treatment of cells with concanamycin A leads to some
accumulation of GFP-Vps41 proximal to the vacuole, whereas
the release of Vps41 from isolated vacuoles was not blocked
(Fig. 1C). This suggests that the dynamics of Vps41 in vivo
are linked to V-ATPase pump activity, whereas it can by by-
passed in vitro. Because yck3D vacuoles fuse in vitro, but do
not release Vps41, release does not seem to be a prerequisite
of fusion [8]. It is, however, possible that the failure to release
phosphorylated Vps41, as observed here for V-ATPase mu-
tants, aﬀects fusion activity.
As the V-ATPase and its proton pump activity are also re-
quired for vacuole fragmentation [22] (our study), it is not un-
likely that the localization of GFP-Vps41 to dot-like structures
proximal to the vacuole reﬂects not only docking zones, but
also ﬁssion zones. A link between vacuole fusion and ﬁssion
has been postulated for the dynamin-like protein Vps1 [24].
Interestingly, Vps41 has also been implicated in fusion (as part
of the HOPS complex) and ﬁssion (as a potential coat of AP-3
vesicles) [11–13]. The V-ATPase function may be required indi-
rectly to allow for lipid asymmetry as a prerequisite of fusion
and ﬁssion. It is also possible that the V-ATPase is directly in-
volved in these processes as implicated by the association with
SNAREs (our ﬁndings; [25]).
Our data also shed light on the role of the V-ATPase in vac-
uole fusion. Previous data were consistent with the V0-part as a
pore forming fusogen that acts after SNAREs [25]. As vma16
K. Takeda et al. / FEBS Letters 582 (2008) 1558–1563 1563or vma6 mutant vacuoles could fuse eﬃciently with wild-type
vacuoles (Fig. 4, Suppl. Fig. 3), we consider a symmetric pore
requirement of the V-ATPase for fusion unlikely. Similar fu-
sion results were obtained by Mayer and colleagues on the
vma6 deletion mutant [22]. We could not detect selected sub-
units of the V-ATPase on vacuoles lacking Vma6 or Vma16,
indicating that an assembled V-ATPase is not present on vac-
uoles in these mutants. Fusion was, however, strongly reduced
if the V-ATPase was missing from both tester vacuoles. The
phenotypes diﬀer for the vma16 and vma6 mutant. The com-
plete lack of a fusion signal in the vma16 mutant suggested
an essential asymmetric requirement, whereas some fusion
was detected with vma6 mutants. This indicates that the V-
ATPase is required at least on one vacuole to allow for eﬃcient
vacuole fusion, and is linked to the SNARE machinery (Suppl.
Fig. 3) [25]. It is possible that Vph1 plays a critical role within
this complex, because mutants in vph1 show the most severe
fusion defect [21,22,26].
It is presently not known how phosphorylation aﬀects Vps41
function. Future studies are needed to identify the phosphory-
lation site in Vps41 and clarify how Yck3 activity is controlled.
Point mutants in Yck3 might facilitate future studies.
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